Femeniasia balearica is the only representative of its genus and is endemic to a small area on the northern coast of Minorca (Balearic Islands, Spain). The entire range of the species covers only 18 km of coastline. It is extremely rare and classified as endangered in the National Catalogue of Threatened Species and as a priority species in the EU Habitats Directive. We carried out a census of current population size and estimated genetic diversity based on AFLP markers to facilitate conservation of this unique species. In the 66 individuals analysed ( ∼ 10% of population), 225 bands were scored and the level of diversity was relatively high. Three divergent population groups corresponding to geographical areas (Western, Central and Eastern) were identified. In AMOVA and Bayesian analyses, most of the diversity was found within populations but there was strong differentiation between the three population groups. Genetic and geographical distances between the populations were strongly correlated. Our results show that the populations of F. balearica are not genetically depauperate, in spite of their small sizes. Unexpectedly, our results suggest that as many as three MUs (management units) should be recognized in this very small area, because the low levels of gene flow among them indicate contemporary demographic independence.
INTRODUCTION
The Mediterranean basin is considered to be one of the world's 25 main zones of highest conservation priority, with its 13 000 endemic species representing 4.3% of all vascular plants (Myers et al ., 2000) . In the Balearic Islands, 7% of the flora is endemic. The large number of endemics has been interpreted to be the result of both the diverse palaeogeographical history of the Balearic Islands, which differs among the islands of the archipelago, and insular isolation, which by itself can be an important promoter of speciation (Contandriopoulos & Cardona, 1984) . One example of the endemics of the Balearic Islands is the monotypic genus Femeniasia Susanna (Compositae, Cardueae). The only species of this genus, F. balearica (J. J. Rodr.) Susanna, is classified as endangered in the National Catalogue of Threatened Species (BOE, 1990) . It is also a priority species in the EU Habitats Directive (European Community, 1992) , listed as vulnerable in the Red List of the Spanish Vascular Flora (Domínguez Lozano, 2000) . The habitat of this species is also protected according to the EU Habitat Directive with the code 5430 (European Community, 1992) .
Femeniasia balearica is endemic to a single small island, Minorca. It was originally described as Centaurea balearica (Rodríguez Femenías, 1869) , but was later recognized as a distinct genus because several characters of the cypselas (e.g. deciduous pappus, nonlignified pericarp and basal insertion areole) are not characteristic of Centaurea (Susanna, 1987) . Femenia-sia balearica was previously believed to be closely related to the Sardinian endemic Centaurea horrida Badarò, and thus belonging to a Thyrrhenian element of the Balearic flora (with connections to the islands of Corsica, Sardinia and Sicily; Contandriopoulos & Cardona, 1984) , but this hypothesis has not been supported by recent karyological and molecular data. In phylogenetic analyses of sequences of the ITS (Vilatersana et al ., 2000) and ETS regions (R. Vilatersana, unpubl. data) of nuclear ribosomal DNA, Femeniasia was found to be sister to Phonus Hill, a small genus with only two species. Phonus arborescens (L.) G. López is endemic to North Africa and the southern Iberian Peninsula, and P. riphaeus (Font Quer & Pau) G. López is endemic to Northern Morocco (Vilatersana, Susanna & Garcia-Jacas, 2002) . Femeniasia therefore belongs to the western Mediterranean element of the Balearic flora. The genus belongs to the Centaureineae clade of the Asteraceae (Garcia-Jacas et al ., 2001), which diverged approximately 1.8 Mya (Hellwig, 2004) . Therefore, the ancestor of F. balearica must have reached Minorca by means of long-distance dispersal, because after the Messinian salinity crisis (which occurred c . 5.5 Mya), the land bridges between the Iberian Peninsula, North Africa and the Balearic Islands were submerged.
Femeniasia balearica is a diploid shrub (2 n = 24; Susanna & Vilatersana, 1996) . It has a spiny padmorphology and is always accompanied by other spiny, cushion-forming Balearic endemics such as Launaea cervicornis (Boiss.) Font Quer and Rothmaler, Astragalus balearicus Chater, Dorycnium fulgurans (Porta) Lassen, and Anthyllis hystrix (Willk. ex F. Barceló) Cardona, Contandr. & Sierra. These species form a characteristic community well adapted to the strong winds and herbivore pressure that existed on the islands in the past.
The populations of F. balearica are distributed discontinuously on siliceous coastal cliffs in northern Minorca at altitudes between 0 and 50 m. The total number of individuals has been estimated to 500-1000 (Domínguez Lozano et al ., 1996) . Femeniasia balearica is an entomophilous outcrosser and sets abundant fruit, suggesting that sufficient pollinators are available (Conesa et al ., 2001) . Seed dispersal probably occurs mainly over short distances because of the deciduous pappus and the large size of the cypselas (2.0-2.5 mm). However, there are regular, strong winds in the area and the capitula open completely at maturation, suggesting that occasional long-distance dispersal may occur. The ex situ germination rate is high (20-75%), and varies according to light, temperature and water conditions. There is great variation among populations in germination rate and cypsela size (Conesa et al ., 2001; R. Vilatersana, unpubl. data) . However, germination in situ appears to be problematic; the rate is very low ( < 2%) and the seedling mortality is high in dry years (Conesa et al ., 2001) .
The main threats to this endangered species are tourism and urbanization (Domínguez Lozano et al ., 1996) . In general, island populations have much higher risks of extinction than mainland populations and there is some evidence for higher extinction rates in island endemics than in nonendemics (Frankham, 1998) . Human activity typically leads to fragmentation of the suitable habitats and alters their size and spatial distribution (Gibbs, 2001) . In order to estimate the level and structuring of genetic diversity in this unique species, we used amplified fragment length polymorphisms (AFLP) fingerprinting (Vos et al ., 1995) , because this technique has proven reliable and efficient for obtaining a large number of molecular markers from many individuals (Mueller & Wolfenbarger, 1999) . AFLP markers have been used to describe the population structure and level of genetic polymorphism in several endangered and endemic plants (e.g. Travis, Maschinski & Keim, 1996; Palacios, Kresovich & González-Candelas, 1999; Drummond et al ., 2000; Krauss, Dixon & Dixon, 2002) . Our aims are to (1) investigate the present status and size of the populations of F. balearica , (2) quantify the genetic variation between and within populations, (3) estimate the level of gene flow among populations, and (4) advocate conservation strategies based on the observed genetic structure of the species.
MATERIAL AND METHODS

S AMPLING
We investigated the known distribution area of the species along the northern coast of Minorca during the spring of 2003. Because of the difficulty of access to several private properties, however, we were unable to search continuously along the coastline. Seven populations covering the entire previously known distribution area were found and their population sizes estimated (Fig. 1) . Fresh leaves were sampled nondestructively from 10 plants from each population (except that 7-9 plants were sampled from the two smallest populations) and dried in silica gel. In this study, we included roughly 10% of the extant individuals of the species. AFLP ANALYSIS DNA was extracted from 66 plants using the DNeasy Plant Mini Kit (Qiagen, Basel, Switzerland) according to the manufacturer's instructions. The extracted DNA and negative controls were checked on 1% agarose gels. AFLP analysis was performed using the restriction enzymes Eco RI and Mse I according to the AFLP Plant Mapping Kit protocol (Applied Biosystems, California, USA) with some modifications (Gaudeul, Taberlet & Till-Bottraud, 2000) . After testing 20 primer pairs, three pairs were chosen for the analysis ( Eco RI-AGA/ Mse I-CTG, Eco RI-ATG/ Mse I-CAG, and Eco RI-ATG/ Mse I-CTC), because they were highly reproducible and easy to score. Reproducibility of each primer pair was checked by carrying out the AFLP procedure twice for four randomly chosen individuals. The fluorescence-labelled selective amplification products were separated on a polymer matrix with an internal size standard (GeneScan-500 ROX, Applied Biosystems) on an automated sequencer (ABI PRISM 3100 Genetic Analyser, Applied Biosystems). The raw data were collected and aligned with the internal size standard using GENSCAN v.3.7 software (Applied Biosystems). The GENSCAN files were imported into GENOGRAPHER v.1.6.0 (Benham, 2001) . AFLP loci that exhibited ambiguous peaks were excluded from the analysis. When unambiguous scoring was possible, peaks of low intensity were also included in the analysis. The results of the scoring were exported as a presence/absence matrix.
The presence/absence matrix was analysed by UPGMA clustering and Principal Coordinate Analysis (PCO) based on Dice's similarity coefficient, using NTSYS PC v.2.0 (Rohlf, 1997) . We calculated the number and the percentage of polymorphic fragments (based on all fragments as well as on all fragments excluding specific monomorphic ones) and the number of private fragments for populations and for groups. We used different analyses to assess genetic diversity within populations. Gene diversity was calculated with a Bayesian approach using HICKORY v.1.0 (Holsinger & Lewis, 2003) , without assuming HardyWeinberg equilibrium.
In order to assess genetic differentiation among populations, we conducted analyses of molecular variance (AMOVA; Excoffier, Smouse & Quattro, 1992) using (Schneider, Roessli & Excoffier, 2000) based on Euclidean distances between samples and using 1000 permutations. The same software was used to calculate values for pairwise Φ ST (analogous to F ST ) between populations. Pairwise θ B values (equivalent to F ST ) was calculated with a Bayesian approach using HICKORY (Holsinger & Lewis, 2003) . Of the three HICKORY models, we chose the θ B model with the minor Deviance Information Criterion (DIC; Spiegelhalter et al. , 2002) , because only a few differences between DIC imply less support for the model. We used the pairwise θ B values to calculate the indirect estimate of gene flow ( N m ) based on Wright's island model of population structure with the formula N m = 0.25 (1/ F ST − 1). A Mantel test (Mantel, 1967) with 5000 permutations was applied to test for correlation between pairwise Φ ST values and geographical distances (in km) between populations using NTSYS-pc (Rohlf, 1997) .
Multilocus linkage disequilibrium was inferred using the index of association modified to remove the dependency of sample size ( ), using the program MULTILOCUS v.1.2 (Agapow & Burt, 2001) . This index has an expected value of zero if there is no association of alleles at unlinked loci, as expected under random mating. The significance of was tested by randomization procedures (1000 times), comparing the observed value of with the null hypothesis of complete panmixis. With the same program, choosing the option 'plot genetic diversity vs. number of loci', we also tested whether the number of loci sampled was sufficient to detect all genotypic diversity.
In order to further assess the distinct geographical structuring observed in the PCO and UPGMA analyses, we re-allocated all individuals using AFLPOP v.1.0 software (Duchesne & Bernatchez, 2002) . Each individual to be allocated was removed from the population and the allele frequencies for this population were re-computed. We used a Minimal Log-likelihood Difference (MLD) of 2 and 3; i.e. to be re-allocated to a particular population, the genotype would have to be 10 2 or 10 3 times more likely to belong to that population than to any other population.
RESULTS
We observed seven populations of Femeniasia balearica along a total coastline of 18 km. The estimated population sizes varied from 8 (population 1) to 250 (pop. 3), totalling 600 individuals of the species (Fig. 1) . The populations were concentrated in three areas; one western (between Binimel·là and Punta de Farregut; populations 1, 2, and 7), one central (Fornells; pop. 6), and one eastern (between Pou d'en Carles and north of Capifort; populations 3, 4, and 5). Some of the populations were situated close to each
other and may represent single fragmented populations. All populations were found on Palaeozoic soils formed by siliceous bedrocks and clay (cf. Escandell, 1997) . The populations appeared to be viable, with only a few dead individuals, but no seedlings or young plants were observed in any of them. The only population observed in the central area (Fornells) occurred on poor, dry soils and consisted of few (30) scattered plants.
A total of 225 bands were scored in the 66 individuals (mean ± SE = 75 ± 13.14 markers per primer combination), of which 120 (53.3%) were polymorphic. The number of polymorphic bands per population varied from 46 (25.6%) in population 6-61 (31.9%) in population 2 (Table 1 ). The mean number of polymorphic bands per population was 54.3 (SD 4.75). We found no fixed private markers in any population, but private markers were found in all populations except 1 and 5. Most of them were found in population 6 (Table 1) .
Based on the 120 polymorphic markers, Bayesian gene diversity ranged from 0.16 to 0.19 (mean 0.17; Table 1 ). This measure of genetic diversity was not correlated with population size (r = 0.17, P = 0.6). The measure of linkage disequilibrium ( ) did not differ significantly from zero in four populations (2, 3, 4 and 5), but some disequilibrium was detected in the other populations (1, 6 and 7; Table 1 ). Scoring a higher number of loci did not increase the genotypic diversity.
The UPGMA analysis revealed two distinct main clusters, one containing the western and central populations (1, 2, 6 and 7) in two separate subclusters, and one containing the eastern populations (3, 4 and 5; Fig. 2) . Similar results were obtained in the PCO analysis (Fig. 3) , in which the first three axes accounted for 19.0%, 7.7% and 4.7% of the total variation. Three distinct groups were observed; the Eastern group (populations 3, 4 and 5), the Western group (populations 1, 2, and 7), and the Central group (population 6). The AFLPOP analyses resulted in complete re-allocation of all individuals to their geographical groups with MLD = 2. With MLD = 3, all individuals but one re-allocated to their original group (one eastern individual did not re-allocate to any group).
In the AMOVA analysis at two hierarchical levels, 30.26% of the genetic variation was found among populations (Table 2 ). In the nested analysis, 28.72% of the variation was found among the three geographical population groups identified in the UPGMA and PCO analyses. In separate AMOVA analyses of the Western and Eastern groups, very large proportions (85.0-95.5%) of the genetic variation were observed within populations (Table 2 ).
In the Bayesian approach to infer population structuring, we used the f-full model because this model r d Table 2 ). Using θ B , the estimates of the number of migrants per generation (N m ) between the geographical groups were low: 0.5 between the western and eastern groups and between the Central and Eastern groups, and 0.7 between the Western and Central groups. In contrast, migration between populations within the groups was high: N m = 6 in the Eastern group and 1.4 in the Western group. In the Mantel test, the pairwise Φ ST distances between populations (Table 3) were strongly correlated with geographical distances (r = 0.809; P = 0.006).
DISCUSSION GENETIC VARIATION
Our study revealed that there is relatively high level of genetic variation in Femeniasia balearica, both at the species level (53.3% of the bands polymorphic; genetic diversity 0.174; Table 1) and at the population level Gaudeul et al., 2000) , and Pedicularis palustris L. (64% polymorphic bands; Schmidt & Jensen, 2000) . This high level of variability could play an important role in the local adaptation of the populations of F. balearica to its maritime cliff habitat. Notably, the level of genetic diversity in F. balearica was not correlated with population size. A plausible explanation could be that the populations have been reduced in size quite recently; genetic drift operates slowly in long-lived species because many different generations can coexist in the populations. Alternatively, the geographical groups in F. balearica may function as 'populations'. If we compare the genetic diversity among geographical groups instead of among populations, the correlation between genetic diversity and 'population size' become more important. The Central group is the smallest one, only 30 individuals in a single population, as compared with the Eastern (350 individuals) and Western (200 individuals) groups. The Central group presents the lowest value in all the genetic diversity parameters. It is thus possible that this small central population is somewhat influenced by genetic drift and inbreeding.
The degree of association between alleles at different loci, or linkage disequilibrium (LD), is widely used to infer details of evolutionary processes because some events, such as a recent bottleneck, can strongly increase LD (McVean, 2002) . Linkage disequilibrium is common in threatened species because their populations are small. In our analysis, the western and central populations showed slight linkage disequilibrium, whereas the eastern populations did not, perhaps associated with their larger population size. The results thus do not refute a hypothesis of random mating in the eastern population group. Given the high levels of genetic diversity and the low amount of LD, we can conclude that F. balearica is not genetically depauperate and that the populations do not yet show effects of recent bottlenecks.
POPULATION GENETIC STRUCTURE AND GENE FLOW
Although we found a high proportion (almost 70%) of the genetic variability within the populations in F. balearica, the variability among populations was also substantial (Φ ST = 0.30 and θ B = 0.31; Table 2 ). This value of Φ ST is very similar to the mean for longlived outcrossing species (mean Φ ST = 0.26; Nybom, 2004) . Strong genetic differentiation over short distances has also been found in other endemic species with disjunct distributions (Travis et al., 1996; Coates & Hamley, 1999; Schmidt & Jensen, 2000) , but there is usually a direct relationship between the value of Φ ST and the maximum distance between populations (Nybom, 2004) . The maximum distance between populations in F. balearica is only 18 km, which is shorter than most other endemic species with disjunct distributions. Similar strong differentiation over short distances has been reported only in species with very restricted distribution areas and linear patterns of distribution, such as in Femeniasia. Examples are Helmholtzia glaberrima Caruel, which grows in riparian habitats (Φ ST = 0.32; Prentis et al., 2004) , and Alkanna orientalis Boiss., which grows in desert wadis (Φ ST = 0.32; Wolff, El-Akkad & Abbott, 1997). Great genetic differentiation over short geographical distances indicates that dispersal is strongly restricted.
All analyses showed a clear phylogeographical differentiation within F. balearica and identified one western, one central, and one eastern group of populations (PCO, UPGMA, AFLPOP; Figs 2, 3, Tables 1,  2 ). This division was clearly reflected by the high number of private markers in each group (Table 1) .
Our analyses showed very low levels of gene flow between populations belonging to different geographical groups, especially between the Eastern and Western ones. The number of migrants was estimated to be only 0.5 per generation. This low level of gene flow is probably due to the poor dispersal capacity of the heavy cypselas of F. balearica, as has been shown for some related taxa (e.g. Centaurea corymbosa) by Colas, Olivieri & Riba (1997) . Pollen dispersal is probably also very restricted (Colas et al., 1997) , favouring geographical differentiation. Notably, even within the Western group, population 7 occurs only 2 km away from population 1, but is nevertheless quite distinct (Figures 2 and 3) . Overall, genetic differentiation among populations is quite low within the geographical groups (4-15%), suggesting a large level of current within-group gene flow and/or a recent common history.
The large number of private markers found in the Eastern and Western geographical groups ( Table 1 ) may suggest that the distribution area of F. balearica was fragmented a long time ago by local extinction of populations. This may have been caused by the adverse climatic conditions during the Pleistocene glaciations, which were characterized by extremely cold and dry periods; the germination rate in F. balearica is low under dry conditions (Conesa et al., 2001) . The species probably also has low competitive ability (Gulías et al., 2002) . Thus, it may have become restricted to the zones with poor, washed soils (Palaeozoic soils, cf. Escandell, 1997) in Minorca, and a combination of limited dispersal ability and low competitive ability might have prevented expansion of the fragmented populations during wetter climatic periods. The fragmentation between the Central and Western groups is probably more recent and may be caused by anthropogenic factors, which have resulted in serious landscape degradation in the Balearic Islands.
IMPLICATIONS FOR CONSERVATION
Preventing extinction of populations is the basic goal in conservation, and maintaining genetic diversity can reduce the probability of extinction (Frankham, 1995) . Despite the small size of its populations, F. balearica shows considerable genetic diversity (53% polymorphic loci, H s = 0.178). However, there are noteworthy differences between the three geographical groups of populations, as demonstrated in all analyses (UPGMA, PCO, number of private markers, AMOVA, Bayesian analysis, allocation analyses). Our results suggest that the populations from the east, central and western parts of the distribution area should be considered as three distinct management units (MUs; Moritz, 1994) . MUs are defined as populations with significant differences in allele frequencies at nuclear or mitochondrial loci, and are obvious units for population monitoring and demographic study because the local population dynamics are determined primarily by birth and death rather than immigration and emigration.
The three MUs in F. balearica show clear genetic isolation by distance. Differentiation between MUs is considered to be an indicator of some degree of demographic independence, at least in the short term. The environmental conditions in the distribution areas of the three MUs appear to be quite similar, which suggest that the conservation measures will be very similar for all of them. Management strategies typically focus on maintaining levels of genetic diversity and heterozygosity in each MU, and this implies avoiding fragmentation of the habitat, because it will have stronger impact on small-sized populations with historical fragmentation (Coates & Hamley, 1999) . Given the small size of its populations, further fragmentation of the habitat would be catastrophic for F. balearica. Regarding ex situ conservation, it will be important to design separate sampling strategies for the three MUs to ensure preservation of rare genotypes and alleles (cf. Hamrick et al., 1991) .
In conclusion, there is no evidence for present genetic depauperation of the populations of F. balearica. However, assessing levels of genetic diversity and its distribution among populations is only a first step towards conservation, and is insufficient in long-lived species (Colling, Matthies & Reckinger, 2002) . Further studies of its ecological and physiological requirements are required for good management of this species. In the case of F. balearica we have two main concerns. First, it is difficult to estimate the effects of genetic drift in long-lived perennials; if such a population has experienced a recent bottleneck, the effect may not yet be detectable. Secondly, the climate in the western Mediterranean is predicted to become drier with decreasing rainfall. In F. balearica, a drier climate could lead to lower germination rates and higher mortality of seedlings, resulting in long-term decline of this unique species.
